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§Max Planck Institute of Biochemistry, Martinsried, Germany; and {Nikon Imaging Center, Heidelberg, GermanyABSTRACT Membrane pearling in live cells is observed when the plasma membrane is depleted of its support, the cortical
actin network. Upon efficient depolymerization of actin, pearls of variable size are formed, which are connected by nanotubes
of ~40 nm diameter. We show that formation of the membrane tubes and their transition into chains of pearls do not require
external tension, and that they neither depend on microtubule-based molecular motors nor pressure generated by myosin-II.
Pearling thus differs from blebbing. The pearling state is stable as long as actin is prevented from polymerizing. When polymer-
ization is restored, the pearls are retracted into the cell, indicating continuity of the membrane. Our data suggest that the alter-
nation of pearls and strings is an energetically favored state of the unsupported plasma membrane, and that one of the functions
of the actin cortex is to prevent the membrane from spontaneously assuming this configuration.INTRODUCTIONThe shape of the plasma membrane in a motile eukaryotic
cell is normally dominated by the organization of the actin
network in the cell cortex, which is linked by noncovalent
bonds to the lipid bilayer on the cell surface. In cooperation
with associated proteins, the actin network forces the
membrane to bend, forming protrusions of different shapes
like lamellipodia and filopodia, or invaginations like phago-
somes and other endocytic vesicles. The question addressed
here is how the complex membrane of a living cell self-
organizes when support by the submembraneous actin layer
is impaired.
The scenario we study is as follows. The highly motile
cells of Dictyostelium discoideum rapidly change shape
and efficiently internalize plasma membrane by endocy-
tosis. Osmotic pressure in the cells is regulated through
the outward pumping of water by contractile vacuoles that
periodically form a channel to the plasma membrane (1),
thus keeping cell volume within narrow limits. Both the
irregular and variable shape of migrating cells and endocytic
activity depend on the availability of membrane area. We
challenged the regulation of surface area by a blocker of
actin polymerization, latrunculin A (latA), at concentrations
that still allow the contractile vacuoles to work as osmoregu-
lators. Because phagocytosis, macropinocytosis, as well as
endocytosis of clathrin-coated vesicles (2) are arrested at
the latA concentrations used, the internalization of excess
membrane is prevented. Under these conditions, the cells
round up without expanding their volume. The excess mem-
brane has been observed to fold under these conditions into
tubes, which are converted into chains of interconnected
pearls in Dictyostelium (3) as in mammalian cells (4).Submitted July 29, 2013, and accepted for publication December 11, 2013.
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0006-3495/14/03/1079/13 $2.00Shape variations in model membranes have been studied
in giant unilamellar vesicles (GUVs) (5). In GUVs com-
posed of defined multicomponent lipid mixtures and also
in plasma membrane vesicles lacking an underlying cyto-
skeleton, lipids and proteins can segregate into two fluid
phases, a liquid phase with short-range order (L0) and a
liquid-disordered (Ld) phase (6,7). This separation of phases
occurs at temperatures below a mixing point, and is typical
of systems that are destabilized by competing interactions
(8). The segregated domains differ in lipid composition
and may also differ in membrane curvature. The coupling
between segregation and curvature has two aspects: 1),
segregation can be induced by fluctuations in local mem-
brane curvature (9); and 2), segregation results in stabilizing
the membrane in its curved state (10).
Even in uniform GUVs that consist only of one type of
lipid, local shape differences can be induced by applying
external force. Nanotubes can be extracted from a GUV
by axial strain (11). Close to natural conditions, nanotubes
are extracted by the activity of microtubule-dependent
motor proteins (12–14). The use of nonprocessive motors
showed that these nanotubes persist only under the contin-
uous application of force, because they retract when the
motors dissociate (15).
Local pulling force applied through a laser tweezer may
cause a membrane tube to transform into pearls on a string.
Dynamic pearling states can be set off in tubes composed
of a single lipid (16). This long-range, slowly relaxing
Rayleigh-like instability is due to the competition of
curvature energy and surface tension. Pearling can also be
induced in the absence of a pulling force. Thread-like
oleate vesicles are induced to pearl by the photooxidation
of thiols, probably causing a change in surface tension
(17), and pearls on a chain can be generated by the absor-
bance of cationic nanoparticles to the inner leaflet ofhttp://dx.doi.org/10.1016/j.bpj.2013.12.054
1080 Heinrich et al.DOPC (dioleoyl-glycero-phosphocholine) vesicles (18) or
by increasing the osmotic pressure within a tube (19).
The study of membrane pearling in live cells has been
pioneered by Bar-Ziv et al. (4). These authors discovered
pearling in membrane tubes that were under tension, which
was supplied by local attachment of the tubes to a solid sub-
strate. If the rigidity of the submembraneous actin shell is
reduced by partial depolymerization, the membrane tubes
are converted into pearls on a chain.
Here, we explore the transformation of the plasma mem-
brane of live cells into tubes and pearls, and the reversal of
this transformation upon reconstitution of the actin cortex.
A distinguishing feature of the pearling studied by us is its
independence of tension exerted by stretching the mem-
brane tubes between adhesion points, as evidenced by the
pearl formation on free, unattached portions of the cell sur-
face. We show that membrane pearling in Dictyostelium
cells does not require force generation by microtubule-based
motors. Moreover, the pearling is independent of internal
pressure generated by myosin-II, and is thus distinguished
from blebbing.
By cryo-electron tomography (cryo-ET) we show the
persistence of short bundles of actin filaments in pearls
formed in the presence of 5 mM latA and the absence of
filaments in tubes or pearls after the depolymerization
of actin at 30 mM latA. We discuss pearling as a process
of membrane self-organization, which is prevented by an
intact actin network in the cell cortex.MATERIALS AND METHODS
Strains, treatment of cells, and imaging
conditions
Cells of D. discoideum strain AX2-214 that expressed various fluorescent
proteins were cultivated at 21–23C in nutrient medium supplemented
with appropriate selection markers. The cells expressed LimED-GFP
(20), GFP-a-tubulin (21), the PH-domain of human phospholipase Cd1
(22), GFP-coronin (22), or free GFP. In the AX2-derived myosin II-HC
deficient mutant strain HS2205 (23), mRFPM-LimED (24) was expressed.
For confocal fluorescence imaging, the cells were washed in 17 mM Na/K
phosphate buffer, pH 6.0, and transferred into an open chamber on a glass
coverslip. LatA (Life Technologies, Grand Island, NY) was routinely used
at 5 or 10 mM, and was increased to 30 mM for the efficient depolymeriza-
tion of actin. To induce blebbing, cells were incubated with 50 or 100 mM
2,4-dinitrophenol (Sigma-Aldrich, St. Louis, MO).
For labeling of the plasma membrane, 0.25 mg/ml of FM4–64 (Life
Technologies) were added (diluted 1:4000 from a stock solution of
1 mg/ml in dimethyl sulfoxide (DMSO)). For membrane labeling in com-
bination with concanavalin A (ConA) (Life Technologies) treatment, cells
were first incubated for 1 h in the cold in phosphate buffer at pH 8.0 with
50 mM Alexa Fluor 568 succinimidyl ester (Life Technologies), diluted
from a stock solution of 1 mg in 250 ml DMSO. Subsequently, the cells
were treated for 10 min with 10 mM latA at room temperature. After
removal of the latA, 50 mg/ml of ConA-FITC (Life Technologies) were
added.
Most confocal images were acquired with a Zeiss LSM 780 equipped
with a Plan-APO 63/NA1.46 oil immersion objective (Carl Zeiss
Microscopy GmbH, Jena, Germany), those in Fig. 1 B and Fig. 2 A at aBiophysical Journal 106(5) 1079–1091Nikon Eclipse TE 300 microscope equipped with a 100/1.4 NA oil
PlanApo objective (Nikon, Tokyo, Japan), in combination with an Ultra
View confocal scanner (Perkin Elmer, Waltham, MA) and an Orca
ERC4742-95-12 ERG camera (Hamamatsu Photonics, Hamamatsu, Japan).
Images of Fig. 5 were obtained using an Ultra View system (Perkin Elmer)
on a Nikon TE-2000 microscope equipped with a VC 100/1.4 NA
PlanApo objective (Nikon, Tokyo, Japan) and an EM-CCD camera (Andor
Technology, Belfast, UK). For the 3D reconstructions (see Fig. 5, A–C),
z-stacks generated with a spacing of 0.3 mm were deconvolved using
Huygens Essential 3.0.0 (Scientific Volume Imaging, 1213 VB Hilversum,
The Netherlands) and surface rendered using Volocity 3.7.0 (Perkin Elmer).
The equipment for total internal reflection fluorescence microscopy has
been described in (2).
Fluorescence recovery after photobleaching (FRAP) experiments were
performed using an Olympus IX 81 microscope with a 60/1.35 NA oil
UPlanSApo objective (Olympus, Tokyo, Japan), a Yokogawa spinning-
disc scan head CSU_X1 (Andor Technology, Belfast, UK), an IQ version
1.9 FRAPPA configuration (Andor Technology), and an IXON DU897_
BV_3880-iXon plus camera (Andor Technology). For bleaching, an ALC
laser combined with a 488 nm/50 mW Coherent Sapphire laser (Andor
Technology) was used.Cryo-ET
Cells were plated on glow-discharged, holey-carbon-film-coated gold EM
grids (C-flat 2/1-2Au, Protochips, Raleigh, NC) and kept for 2 h, before
the cells were treated with 5 or 30 mM latA for 15 min. For cryo-preparation
we added BSA-coated 15 nm colloidal gold (Aurion, Wageningen,
The Netherlands) on top of the grid, removed excess liquid by blotting
from the reverse side, and rapidly plunge-froze the grids in liquid pro-
pane-ethane.
Tomograms were obtained under low-dose conditions using a Tecnai
G2 Polara transmission electron microscope (FEI, Eindhoven, The
Netherlands) equipped with a 300-kV field emission gun, a Gatan GIF
2002 post-column energy filter, and a 2048  2048 slow-scan CCD camera
(Gatan, Pleasanton, CA). The electron microscope was operated at an
accelerating voltage of 300 kV; the pixel size at the specimen level was
0.713 nm. Tilt series were recorded using the SerialEM software (25), typi-
cally covering an angular range from 60 to þ60 with a tilt increment
of 2, defocus values of 6 and 12 mm, and a total electron dose of
200 electrons /A˚2. The projection images were aligned using the gold beads
as fiducial markers. Tomograms with a once binned pixel size of 1.42 nm
were calculated using the software IMOD (26).
For automated filament segmentation, tomograms were subjected to
nonlocal means filtering. Actin filaments were traced using an automated
segmentation algorithm implemented in the Amira software (27), using
a generic filament as a template (28). Diameter and length of the generic
filament were 8 and 42 nm, respectively; short filamentous structures
of <60 nm lengths were filtered out to reduce background noise. To
increase contrast in the slices (see Fig. 1 D and Fig. 3), four slices were
summed up in the z direction.RESULTS
Removal of the actin network transforms plasma
membrane into two coexisting states
To visualize membrane pearling in cells of D. discoideum,
we have labeled filamentous actin with LimED-GFP (20)
and the plasma membrane with the red fluorescent styryl
dye FM4-64. The double-labeled cells were subjected to
confocal imaging (Fig. 1 A). Membrane pearling was repro-
ducibly induced by the depolymerization of actin using
FIGURE 1 Membrane pearling and destruction
of the actin cortex in response to actin depolymer-
ization. (A and B) Confocal images of an untreated
cell of D. discoideum (A) and of cells incubated
with 5 mM latA (B). The cells expressed LimED-
GFP as a label for filamentous actin (green)
and were stained with FM4-64, which integrates
into the plasma membrane and from there into
the membranes of the contractile vacuole system
(red). In the motile cell of (A), actin is assembled
along the filopodia and in the cortical region
beneath the plasma membrane. In the two cells
of (B) showing extensive membrane pearling, the
LimED-GFP is dispersed in the cytoplasm and
the lumen of the pearls. A time series of pearling
in the cell displayed in (A) is shown in Movie
S1. (C) Coronin, a protein preferentially associated
with disassembling actin filaments (22), is en-
riched in the pearls. The cell expressing GFP-coro-
nin has been imaged by total internal reflection
fluorescence microscopy. (D and E) A pearl sub-
jected to cryo-ET, showing bundles of actin
filaments in its interior. The cell was treated for
15 min with 5 mM latA. In (D) a slice through
the tomogram is displayed. Segmentation of the
filaments and the membrane is shown in (E).
Bar for (A–C) 10 mm; for (D and E) 200 nm. The
tomogram is shown in Movie S2.
Membrane Pearling with No Actin Support 10815 mM latA. Under these conditions, the microtubule-
dependent motility of intracellular vesicles is not disturbed
and may even be enhanced (29). The contractile vacuoles
continue to pulse, indicating that their osmoregulatory
activity is preserved.
After the addition of latA, the leading edges became
indistinguishable, and actin-based cell-surface protrusions
such as filopodia disappeared. The loss of protrusions
created an excess plasma membrane area, which was trans-
formed into chains of pearls sticking out of the area of the
plasma membrane that enveloped the rounded cell body
(Fig. 1 B).
At the beginning of latA action, actin remained tran-
siently clustered at the plasma membrane, primarily in con-
tact with clathrin-coated pits (2). After 15 min the actin was
depolymerized to an extent that in most cells no structures
of microscopic size remained recognizable with LimED-
GFP (Movie S1 in the Supporting Material). However,
with GFP-coronin, which associates with depolymerizing
actin structures (22,30) the pearls were intensely labeled
(Fig. 1 C), suggesting that slowly dissociating complexes
of actin filaments were still present. To visualize these com-
plexes, we subjected latA-treated cells to cryo-ET. In a sub-
set of pearls, bundles of straight or slightly bent actin
filaments were detectable, which were too short for deform-
ing the pearls (Fig. 1, D and E, and Movie S2).
Because pearling is a phenomenon observed in pure
lipid membranes, we explored the possibility that the pearl-
ing of membrane tubes in Dictyostelium cells is caused by
unmixing of the lipid phase from the protein-containingplasma membrane. GFP-PLCd1 was expressed in the cells,
which recognizes phosphatidylinositol- (4,5) bisphosphate
(PIP2) (31), and cells were labeled with FITC-concanavalin
A, which preferentially binds to glycosyl residues that are
N-linked to membrane proteins of Dictyostelium cells
(32). These labels did not distinguish the membrane of the
pearls from the plasma membrane on the cell body indi-
cating that, together with lipids, membrane proteins enter
the pearling membrane protrusions (Fig. 2, A and B, and
Movie S3).Pearling by membrane protrusion or retraction
of the cell body
Two modes of transformation of the plasma membrane into
pearls were observed in cells adhering to a glass surface:
1), protrusion of chains of pearls, some of them in contact
with the substrate surface, other ones freely extending into
the fluid medium as shown by their Brownian movement
(Fig. 2 C and Movie S4); 2), retraction of the cell from
the substrate, leaving substrate-attached pearls behind
(Fig. 2 D and Movie S5). The different modes of pearl
formation were reflected in highly variable pearl sizes,
ranging from diameters of 0.22 mm, as revealed by cryo-
ET, to 3 mm. We obtained also extensive pearling by
combining 10 mM lat A with 10 mM cytochalasin A, a
blocker of the plus ends of actin filaments, indicating
that even efficient depolymerization of actin does not
prevent the membrane from pearling. Combination of the
two drugs resulted again in pearls-on-a-string and variableBiophysical Journal 106(5) 1079–1091
FIGURE 2 Pearling membranes labeled with concanavalin A or PLCd1. (A) Cells labeled with FITC–concanavalin A (green), a lectin binding preferen-
tially to a-mannosyl residues on N-glycosylated proteins, and counterstained with Alexa Fluor 568 succinimidyl ester, a cell surface marker (red). The three
panels display merged images (left), the concanavalin A label (middle), and the cell-surface label (right). (B) Cell expressing mRFP- LimED (red) and GFP-
PLCd1, which recognizes PI(4,5)P2 (green). PI(4,5)P2 is localized to the membrane of the pearls as well as to the plasma membrane enveloping the cell body.
(C) Pearl formation by protrusion of the cell surface. (D) Pearl formation by retraction of the cell. In both (C) and (D) pearl formation begins at a late stage of
actin depolymerization. (E) Withdrawal of pearls during the repolymerization of actin. Cells in (C–E) were labeled similar to the cell in (B). Patches of PLCd1
indicate local enrichment of PIP2 under conditions of intense clathrin-dependent endocytosis (2), in accord with a role of PIP2 in membrane invagination
(69). Numbers indicate seconds after the addition (C and D) or the removal of 5 mM latA (E). Bars, 10 mm. The time series corresponding to (B–E) are
displayed in Movies S3–S5, S7.
1082 Heinrich et al.pearl sizes (Movie S6), suggesting that incomplete or de-
layed actin depolymerization is not responsible for the
variability.
To inquire whether pearling membranes are still in a
native state, we explored the reversibility of pearling
after latA removal during the recovery of normal cell
motility. Fig. 2 E and Movie S7 show that pearled protru-
sions of the cells can be pulled back and reintegratedBiophysical Journal 106(5) 1079–1091into the plasma membrane. Only a few protrusions, in
particular those strongly adhering to the substrate, became
disconnected.Reversible compartmentation of the cell
Reintegration of the membrane of pearls into the plasma
membrane suggests continuity of the pearl membrane with
FIGURE 3 Tomograms of pearls and tubes.
Pearling was induced by incubating cells with
either 5 mM (A–F) or 30 mM (G and H) latA. (A)
Pearls connected to each other or separated by
short tubes. (B and C) Pearls extending into long
tubes, showing constrictions at the pearl-tube inter-
face. The inset in (B) shows a clathrin-coated pit
visible in another slice of the tomogram. In (C)
bundled actin filaments are retained, similar to
Fig. 1 D. (D–H) Gallery of long nanotubes, two
with actin filaments (D and E) and three with no
detectable filaments (F–H). The arrowheads in
(D) and (E) point to long filaments; in E the fila-
ment extends from the pearl into the upper part
of the tube. The inset in (E) shows a cross section
through the tube at the position indicated by bars,
displaying a bundle of two filaments inside. A
bent tube is shown in (F), and a tube with periodic
variations of diameter in (G). All images show sli-
ces through tomograms. A 3D reconstruction of
(C) is displayed in Movie S8 together with the
3D segmentation of the filaments and the mem-
brane. Bars, 200 nm; the insets in (B) and (E) are
twofold magnified relative to the main figure.
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contents of the pearls is connected with the cytoplasm was
addressed using FRAP in cells that expressed free GFP,
which is purely cytosolic and has a diffusion constant D ¼
42 mm2  s1 in Dictyostelium cells in the absence of fila-
mentous actin (33). FRAP of GFP in the cell body was
accordingly fast (Fig. S1 A). When pearls were bleached,
recovery was slow, incomplete, or absent. No recovery
meant that GFP molecules with a size of 3–4 nm were pre-
vented from diffusion through the tubes that separated a
pearl from other pearls or from the cell body. Incomplete
recovery indicated no connection to the GFP reservoir of
the cell body (Fig. S1 B).Pearl and tube structures revealed by cryo-ET
To determine the diameter of the tubes connecting the
pearls and to examine whether these tubes can be formed
in the absence of microfilaments extending along their
axis, we have applied cryo-ET on cells treated with either
5 or 30 mM latA. Cells were incubated with the drug on a
carbon film and vitrified after ~15 min. In one experiment
the cells were resuspended by pipetting, to disconnect the
tubes from any support that could exert tension, before the
cells were allowed to settle on the film.
The pearls were directly connected to each other (Fig. 3
A) or separated by tubes (Fig. 3, B–H). Sometimes these
tubes were branched, or bent as shown in Fig. 3 F; this
argues against forces acting in stretching the tubes between
two points along their surface that might be fixed on the
carbon film. Periodic variations of the tube diameter, asdisplayed in Fig. 3 G, suggest an incomplete stage of
tube-pearl differentiation.
The tubes and pearls were unilamellar; the pearls
commonly containing vesicles of variable sizes (Fig. 3, A
and B), and also clathrin-coated pits (Fig. 3 B). The cyto-
plasm entrapped in the pearls was rich in ribosomes and
also populated with larger particles of ~50 nm diameter
(Fig. 3 C). The presence of such particles in tubes (Fig. 3
G) might be responsible for narrowing the space for diffu-
sion of GFP molecules, as shown in Fig. S1.
In cells treated with 5 mM latA, a fraction of the pearls
and of the tubes connecting them still contained microfila-
ments (Fig. 1, D and E, and Fig. 3, C–E).
Other pearls and tubes formed at 5 mM latA appeared to
be free of microfilaments (Fig. 3 F). To substantiate the
independence of pearl formation from an actin support,
we applied 30 mM latA, which rapidly and efficiently
eliminated any actin clusters but did not prevent pearling.
At this very high concentration, chains of pearls were
formed during the disappearance of actin structures, either
on the substrate or protruding freely into the extracellular
space (Movie S9). In the tomograms, we no longer detected
microfilaments in the tubes or pearls (Fig. 3, G and H). This
means, the tubes were free of filaments that could support
myosins in applying tension for pulling out membrane
tubes.
The diameters of the microfilament-depleted tubes varied
not only from one tube to the other but also along a single
tube, most evidently in tubes with an oscillating diameter
as shown in Fig. 3 G. The diameters of uniform tubes that
were depleted of actin ranged from 38 to 46 nm, measuredBiophysical Journal 106(5) 1079–1091
1084 Heinrich et al.as the distance between the middle of the electron-dense
membranes. Often a constriction reducing the tube diameter
to ~29 nm was observed close to the pearl-tube interface
(Fig. 3, B, C, and H). This constriction is in accord with
theoretical predictions (34) and observations on tubes pulled
out of giant lipid vesicles (35).Pearl formation is microtubule independent
The possibility that chains of pearls are protruded or re-
tracted by the polymerization/depolymerization of micro-
tubules or by forces applied by microtubule-dependent
motors, was examined by the labeling of microtubules using
GFP-a-tubulin (21) and by depolymerizing the microtu-
bules using nocodazole. In the absence of the drug, we never
saw a microtubule form along the axis of an emerging chain
of pearls (Fig. S2 A), nor have we seen microtubules enter
these chains during retraction of the pearls into the cell
body (Fig. S2 D).
In cells incubated with nocodazole, the microtubule
length was strongly reduced such that their ends could no
longer touch the plasma membrane from where pearls are
emanating. Nevertheless, pearls were formed in the pres-
ence of latA (Fig. S2, B and C, and Movie S10) and were
retracted after its removal (Movie S11). An exceptional
mode of recovery is shown in Fig. S2 E, where cytoplasm
filled the lumen of a chain of pearls, in that way opening
the constrictions that separate the pearls.Formation and retraction of pearls does not
require myosin-II and is thus distinguished
from blebbing
Myosin-II is the motor protein that in cooperation with fila-
mentous actin is responsible for tail contraction in migrating
Dictyostelium cells. Myosin-II generates also the rigor
resulting in the contraction of cells that are depleted of
ATP (36). The increase of membrane tension caused by
the depletion of ATP in cells of D. discoideum results
in local disruption of the actin cortex and blebbing of the
cell surface. Although a thin layer of filamentous actin
covers the membrane of the blebs, the majority of actin
filaments are clustered in the interior of the cell together
with myosin-II and certain actin-binding proteins (37).
Wild-type (WT) and mutant cells that lack myosin-II
heavy chains (myo-II HC-null cells) were exposed to 2,4-
dinitrophenol. This uncoupler of oxidative phosphorylation
is known to decrease cellular ATP to ~10% of its normal
level. Under these conditions, which reduce the resistance
of the actin cortex, WT cells are induced to bleb within
3 min (37). The cells stay alive and return to normal shape
and motility as soon as the uncoupler is removed. Fig. 4,
A–D, shows that myosin-II is required for cell-surface
blebbing under the conditions of ATP depletion: in con-
trast to WT cells, the myo-II HC-null cells did not bleb.Biophysical Journal 106(5) 1079–1091They changed their shape only slowly by rounding up
(Movie S12).
To distinguish the mechanism of pearling from that
of blebbing, we treated myo-II HC-null cells with latA.
These mutant cells showed intense pearling (Fig. 4, E
and F, and Movie S13). The formation of pearls in the
mutant cells resembled that of WT cells (compare in
Fig. 2 D and Fig. 4 E the pearling by retraction of the
cell body). During recovery of the mutant cells, the pearls
are efficiently withdrawn; in the example shown in Fig. 4
G, the pearling stage is followed by the propagation of
an actin wave (Movie S14), similar to wave formation in
WT cells (2).Spreading of pearling cells on a glass surface
The spreading of cells on an adhesive surface involves
shape changes, phase transitions, as well as regulation of
the surface area and membrane tension. These regulations
are mediated by the actin system in Dictyostelium (38) as
in mammalian cells (39–41). Nevertheless, Dictyostelium
cells can spread even in the pearling state. LatA-treated
Dictyostelium cells produce pearling tubes also in suspen-
sion. Because these cells will adhere to a glass surface not
only with the compact surface of their body but also with
the pearling protrusions, we have monitored the spreading
behavior of cells in the presence of latA. As shown in
Fig. 5 and Movie S15, a latA-treated cell can turn from
initial substrate contact, made by the tips of pearling mem-
brane tubes, to expansion of the cell body on the substrate.
Subsequently, contact with the substrate induced new tubes,
followed by pearling as displayed in Fig. 6 and Movie S16.
These time series show that cells devoid of an actin cortex
can spread on an adhesive surface, and they do so by the
formation of pearling tubes.DISCUSSION
Reversible pearling of plasma membranes
lacking an actin support
The membrane pearling studied here is an autonomous
process that occurs in live cells when support by the cortical
actin network is lacking. Sizes of the pearls ranged in our
experiments from 0.2 to 3 mm diameter, as seen in Fig. 6
B and Movie S16, and thin tubes connecting the pearls
had a diameter of ~40 nm. Microtubules are not involved
in protrusion or retraction of the chains of pearls formed
upon the depolymerization of actin, and the pressure-
generating activity of myosin-II is dispensable. Pearls can
emanate from the free cell surface, which means that tension
produced by adhesion to the substrate is not required,
although the pearls may adhere to a glass surface if they
come into contact with it. To find out whether the contents
of the pearls is continuous with, or separated from, the
FIGURE 4 Pearling distinguished from blebbing by its independence of myosin-II. (A–D) Blebbing induced in WT cells by the decline of cellular ATP.
WT cells expressing GFP- LimED (green) mixed with myo-II HC-null cells expressing mRFP-LimED (red) were exposed to 50 mM or, in (C), to 100 mM
2,4-dinitrophenol. The bottom panels show differential interference contrast bright-field images, the top panels confocal fluorescence scans. In the overview
of (A) a cell forming a chain of blebs is indicated by an arrowhead. In (B) the large mutant cell on top displays filopodia, whereas the WT cell below forms
multiple blebs. In WT cells of (C) a thin actin layer persists at the membrane of the blebs, whereas the majority of actin is separately clustered. In the optical
sections of (D) septa of actin are recognizable through which blebs are broken (arrowheads). A time series corresponding to (A–D) is shown in Movie S12.
(E–G) Pearling in myo-II HC-null cells. These mutant cells expressed LimED- GFP to label filamentous actin (green); they were stained with FM4-64 (red)
and incubated in 5 mM latA. The arrowhead at the large cell of (E) points to an area where transformation of the membrane into pearls begins. A mutant cell
forming large pearls is shown in (F), and the withdrawal of pearls in a mutant cell in (G). Here, a propagating actin wave was formed at the final stage of
reintegration of the pearled membrane into the cell surface. Actin waves are typical of an intermediate stage of recovery from actin depolymerization (2).
Numbers in (E) and (F) indicate seconds before or after the addition of latA, in (G) after its removal. Bars, 10 mm. Time series corresponding to (E) and (G)
are shown in Movie S13 and Movie S14.
Membrane Pearling with No Actin Support 1085cytoplasm of the cell, we have applied FRAP to cells ex-
pressing free GFP. The tubes, which separate each pearl
from its neighbors in a chain, together with the particles
within these tubes, largely reduce or completely abolish
the exchange of proteins between the pearls and between
the pearls and the cell body. Nevertheless, the membranesof the pearls can be reintegrated into the envelope of a
cell during recovery of actin polymerization.
The fact that at a concentration of 5 mM, latA did not
completely depolymerize the actin, enabled us to recon-
struct tomograms of the most resistant actin assemblies.
These consisted of microfilament bundles of variableBiophysical Journal 106(5) 1079–1091
FIGURE 5 Spreading of cells preincubated with
5 mM latA before subjecting them onto a coverslip.
Membranes were stained using FM4-64. (A–C)
Shape of two cells preincubated with latA and
attached for 2 min (A) or 50 min (B and C) to a
glass surface. In the 3D reconstruction of the cell
shown in (A), membrane tubules are primarily
pointing into the fluid space. The 3D reconstruc-
tion in (B) shows many pearled tubes spread along
the substrate surface, the cross section in (C) the
cell body to rise from the substrate at an angle
of ~73. (D) Stages of spreading on a strongly
adhesive fluoralkane-coated surface. The framed
upper cell proceeds to spread, whereas the bottom
cell is already in a stable spreading state. The
arrowhead points to a long chain of pearls.
Numbers indicate seconds after the first contact
of the upper cell with the glass surface. The full
time series corresponding to this figure is presented
in Movie S15. Bar, 10 mm.
1086 Heinrich et al.orientation, which were of limited length and did no longer
deform the pearls (Fig. 1, D and E, Fig. 3 C, Movie S2, and
Movie S8).Membrane pearling is distinct from myosin-II-
based blebbing and from microtubule-supported
tubulation
The pearling phenomenon is distinct from membrane bleb-
bing caused by an increase in rigor, which leads to local
rupture of the actin cortex followed by the repolymerization
of actin beneath the membrane of a bleb (42). An increase in
rigor is observed in Dictyostelium cells when the synthesis
of ATP is inhibited by azide (36). In a reversible manner,
the blebbing is induced by 2,4-dinitrophenol, a membrane
permeable uncoupler of oxidative phosphorylation (37).
The distinguishing feature of blebbing is that the force is
generated by the contractile activity of myosin-II, suchBiophysical Journal 106(5) 1079–1091that myosin-II null mutant cells of D. discoideum (Fig. 4,
A–D), or M2 macrophages treated with the myosin-II
ATPase inhibitor blebbistatin (43,44) do not bleb. In
contrast, pearling tubes are still formed in myosin-II null
mutants (Fig. 4, E–G).
We note that myosin-II null cells have been reported to
bleb if they are stimulated with a high concentration of
cyclic AMP (45). From blebbing under our conditions
this chemoattractant-induced blebbing is distinguished
by the formation of rounded protrusions that are filled
with filamentous actin, as indicated by phalloidin labeling.
Obviously, this type of blebbing does not require an increase
in tension that is generated by myosin-II.
Microtubules can support the tubulation of membranes in
two ways. First, phospholipid vesicles are deformed from
within by the polymerization of microtubules (46). Second,
lipid membranes can be pulled into nanotubes by the
walking of microtubule-based motors along their outer
FIGURE 6 Transformation of tubes into pearls
in spreading cells. The cells expressing LimED-
GFP (green) were incubated for 30 min with latA
in gently shaken suspension before they were
transferred onto a glass surface and FM4-64 (red)
was added. At that time no filamentous actin struc-
tures were detectable by the LimED-GFP label.
(A) A spreading cell protruding multiple tubes,
the left one is subdivided into five pearls. (B) A
tube protruded by a spreading cell, which is from
top to bottom progressively organized into pearls.
Numbers indicate seconds after the first frame in
each panel. Bars, 10 mm. The pearling sequence
shown in (B) is displayed in Movie S16.
Membrane Pearling with No Actin Support 1087surface. In that way, membranes of the endoplasmic reticu-
lum are drawn in vivo into tubes (47), and in vitro the lipid
membranes of GUVs are pulled along microtubules by
kinesins (12). The pearling membrane tubes studied by us
in live cells were not populated with microtubules, and these
membrane tubes can be formed and retracted after micro-
tubule depolymerization (Fig. S2). We conclude that forma-
tion and pearling of the membrane tubes in Dictyostelium
cells are not based on microtubule-dependent force gene-
ration. In tubes formed at a latA concentration as high
as 30 mM, no actin filaments were detected by cryo-ET,
excluding the possibility that any myosin motors generate
the force for tubulation.Pearling tubes are a favored state of unsupported
plasma membranes
In Dictyostelium cells depleted of a submembraneous actin
layer, the plasma membrane is divided into two distinctportions, the envelope of the cell body and the excess mem-
brane area. The cell body is rounded; when attached to glass
its surface arises from the substrate at a large angle of ~73
(Fig. 5 C). This shape suggests that the smooth membrane
closely surrounding the cell body is under tension, and the
size of its area is kept at a minimum, whereas the excess
plasma membrane not supported by an actin layer has a
high propensity of organizing into tubes that undergo a tran-
sition into chains of pearls.
A phenomenon that may be compared with tube forma-
tion in actin-depleted cells has been discovered in giant lipid
vesicles that encapsulate two aqueous phases, dextran and
polyethylene glycol (PEG) (48). Upon deflation of these
vesicles, excess membrane is generated and transformed
into nanotubes that extend from the vesicle surface into
the interior of the PEG phase. This shape transformation
is reversible, as the increase of membrane tension results
in retraction of the nanotubes back into the surface mem-
brane of the vesicle. Theoretical analysis revealed that theBiophysical Journal 106(5) 1079–1091
1088 Heinrich et al.conversion of excess membrane into nanotubes is driven by
the spontaneous curvature that the membrane assumes in
contact with the internal PEG phase. By the same argument,
the pearled membrane tubes that are reversibly protruded
from the surface of Dictyostelium cells into the extracellular
space might represent an energetically favored state of the
unsupported plasma membrane of a live cell. In this case,
one may assume that the membrane is transformed into
pearled tubes until this transformation is counteracted by
the increasing membrane tension on the surface of the cell
body. This notion is underscored by the fact that pearling
is reversible. Reversibility indicates that the pearled portion
of the membrane is continuous with the fraction of the
plasma membrane that envelops the rounded cell body.Pearl dynamics in spreading cells
When cells attached to a glass surface are incubated with
latA, tube formation and pearling will end up in a station-
ary state of pearls that are either free or attached to the sur-
face, as shown in Fig. 1 B and Movie S1. When cells are
incubated in suspension, they also form tubes and pearls.
The nonrequirement of cell-substrate adhesion for pearl
formation is disclosed by imaging cells on a nonadhesive
polyethylene glycol-coated surface that are incubated in
suspension with 5 mM latA (data not shown). However,
the stationary state is disturbed if the suspended cells are
brought into contact with an adhesive substrate. Spreading
of these cells implies the protrusion of new tubes and their
transformation into chains of pearls (Fig. 5 D and Fig. 6).
This reorganization indicates that, even after long incuba-
tion with latA, the states of the membrane are still convert-
ible and adhesion energy is capable of shifting the state
toward pearling.Mechanisms of membrane pearling
The behavior of the complex plasma membrane of living
cells may be compared with that of model lipid membranes.
If local forces are acting on a giant unilamellar phospholipid
vesicle (GUV), tubes with a radius in the tens of nanometer
range can be pulled out of the vesicle (9). In membrane
tubes that are stretched using a laser trap, a Rayleigh-like
instability can be elicited, resulting in the generation of
pearls on a string that can travel along the thin tube connect-
ing them (16). When the tension is released by turning off
the tweezers that stretch the tube, the pearling state relaxes
into a straight cylinder.
Conversion of a tube into a chain of pearls may also be
caused by an increase in its volume due to high osmotic
pressure (19). In the case of pearling tubes that exchange
GFP molecules with the cell body (Fig. S1 B) this is unlikely
the mechanism to work because the pressure would be
released from the lumen of the tubes into the cell body
where the contractile vacuoles serve as osmoregulators.Biophysical Journal 106(5) 1079–1091The study of membrane pearling in live cells has been
pioneered by Bar-Ziv et al. (4). These authors discovered
that in membrane tubes of SVT2 cells, pearling resulted
from the competition of surface tension with curvature
energy. The tension was supplied by local attachment of
the tubes to a solid substrate. As the pearling in lipid vesi-
cles, that of the plasma membrane was interpreted as a
Rayleigh-like instability. A distinguishing feature of the
pearling studied by us is its independence of an external
source of tension, as evidenced by the formation of pearls
on the free portion of the cell surface. Whereas the pearling
in (4) required actin to be only partially depolymerized, that
in Dictyostelium cells occurred even after efficient depoly-
merization (Fig. 3, G and H, Movie S6, and Movie S9).
In contrast to the pearls in stretched lipid vesicles, those
in Dictyostelium cells assume a fixed position along the
tubes even if they are not attached to a substrate (as seen
in Movies S3, S4, and S9).
An alternative mechanism underlying shape changes in
vesicles is the coupling of membrane curvature and local
composition in two- or multicomponent systems (49,50),
which can lead to the formation of a bud separated from
the vesicle by a neck at a site where two domains meet
(51). The local curvature of membranes can be determined
by their protein or lipid composition. The shape of vesicles
composed of a ternary mixture of two phospholipids and
cholesterol is determined by several parameters. 1), Line
tension drives the boundary between a L0 and a Ld domain
to a minimum radius, resulting in a constriction along the
boundary (10). 2), In the Ld phase, lipids have a higher diffu-
sion coefficient (52) and bending is facilitated (10). Because
the L0 phase is more rigid, it is excluded from membrane
tubes that are pulled out of GUVs (53). Accordingly, the
more flexible Ld phase will sort into regions of higher cur-
vature than the L0 phase with short-range order (54). 3), If
the separated domains differ in the geometry of lipid mole-
cules, they tend to assume concave or convex curvature (55).
Cone-shaped lipids such as double-chain phospholipids will
prefer concave membrane areas as opposed to inverted-
cone-shaped lipids such as saturated lysophospholipids,
which prefer convex areas. This coupling of curvature to
lipid segregation needs to be specified because experimental
data revealed that individual conical or inverted-cone-
shaped phospholipid molecules are too small to show
more than a weak curvature preference (56). Larger lipids,
such as gangliosides, may have stronger curvature prefer-
ences. However, even small phospholipids may be strongly
coupled to curvature if they are clustered.
Examples for proteins that force membranes to bend are
dynamins and BAR or I-BAR domain-containing proteins.
Dynamins bind to PIP2-supplemented nanotubes with a
preferred radius of 11 nm, and stabilize these tubes by poly-
merizing on their outer surface (57). F-BAR or I-BAR
proteins accumulate at the cytoplasmic face of convex or
concave membrane regions and force the membranes to
Membrane Pearling with No Actin Support 1089bend (58). The F-BAR proteins polymerize and form lattices
on the outer surface of membrane tubes (59).
Dictyostelium cells contain two dynamins, A and B,
which participate in endocytic trafficking (60,61). One I-
BAR protein has been identified inD. discoideum, which ac-
cumulates at clathrin-coated structures immediately before
endocytosis (62) and at the neck region of particles that
are being phagocytized (22). Two proteins containing an
F-BAR domain are involved in transforming the membrane
of the contractile vacuole into tubules (63).
A protein that shapes membrane tubes by associating
with their inner, i.e., cytoplasmic face, would be needed to
sculpt the tubes in pearling Dictyostelium cells. We cannot
strictly rule out the presence of such a protein. However,
our tomograms provide no evidence for a regular lattice of
proteins on the tubular membrane. Therefore, we consider
the sorting out of cone-shaped and inverse-cone-shaped
lipids as a reasonable mechanism for the pearl-tube differen-
tiation of the plasma membrane in the absence of an actin
network. In the complex membranes of eukaryotic cells
that contain sterols (primarily D22-stigmasten-3b-ol in the
case of Dictyostelium cells (64,65)), such coupling is likely
to be effective and responsible for the periodicity of convex
and concave areas in the pearling state.
The separation of Ld and Lo phases in membranes re-
quires that temperatures are below a demixing point (66).
The fact that the optimal temperature for the growth
and development of Dictyostelium cells is ~23C rather
than 37C as for mammalian cells, is supposed to favor
phase segregation in the membranes under natural living
conditions.How does the actin network prevent pearling?
Because the plasma membrane of a live cell has a complex
composition of lipids and integral or associated proteins,
it is reasonable to assume that lipids and proteins known
to enforce membrane bending play a role in pearling. Actin
networks may hinder membrane components from sorting
by two mechanisms that are not mutually exclusive. 1),
Cross-linked actin filaments and bundles form a fence that
restricts fast diffusion in the membrane to small meshes,
with a low probability of hopping over the barriers (67).
Experimental analysis of a minimal membrane-cortex
model and Monte Carlo simulations revealed partial con-
finement of lipid and protein within actin meshes, with a
stronger effect on the larger protein (68). 2), The submem-
braneous actin layer increases the bending stiffness of a
composite membrane, in that way cutting off the positive
feedback of curvature generation and protein or lipid sort-
ing. In the absence of a supporting actin network, the unmix-
ing of cone-shaped and inverted-cone-shaped lipids will be
enhanced by the positive feedback: stochastic clustering of
one or the other type of lipid should cause slight local
bending of the membrane, which will favor the accumula-tion of more lipids of the same class and in turn enhance
the bending. According to this hypothesis, the feedback
circuit would be cut off and consequently unmixing and
pearling prevented if the membrane bending is suppressed
by an actin support.
In summary, our data are consistent with a function of
the membrane-associated actin network in cutting off the
positive feedback of lipid (and probably protein) sorting
and membrane curvature. This feedback may, in the absence
of an actin network, enhance the sorting of lipids (and
proteins) that create a certain membrane curvature and favor
this curvature for accumulating. Experiments that combine
model lipid membranes with in vitro generated actin net-
works of defined mechanical properties would be needed
to analyze the mechanisms by which the cortical actin layer
prevents membrane pearling.SUPPORTING MATERIAL
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